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Abstract

Operator i1 terface has recently emerged as anim-
portantelement in space telerobotics for efficient and
safe interactions betweenthe humanoperalor and the
telerobotic system. Advancesin graphics and in gravh-
ical user interface (GUI) technologies cnabledevelop
ment of very efficient operator interfaces. This paper
address es potential applications of advanced graphical
eperatorinlerfaces using graphics and graphical user
interfaces in §pacctelerobotic operations. Possible ap-
plications aretllusirated with examples of graphicsvi-
sualizalion displays developed jor advanced telcopera-
tionand with an crample of an operator inlerfacede-
sign developed jor remote surface inspection at the Jel
Propulsion laboratory.

1 Introduction

Telerobotic operations in genera] require a large
number of parameter settings and onitoring capa-
bilities, and thus a simple hardwarec-oricnted one-
sensor fone-display interface becornes inefficient, often
demanding more than one highly experienced operator
during the operation. Recent advances in graphics and
graphical user interface (G UI) technologics enabled us
to develop advanced operator 1uterfaces using graphics
displays arid/or graphical user interfaces.

Graphics displays are an important clement in an
advanced operator interface design, providing amecans
of pictorial communications between the humanoper -
ator and the system. Graphics displays can be emn-
ployed to achieve increased efficiency and reliability in
all three phases of space telerobotic eperat jons: in off-
line task analysis and plauning, in operator training,
and in on-line task exccution. Themethodology of us-
iug graphics displays coherently in al three phases is
described by examples actually develpoed at the JPL
Advanced Teleoperation Laboratory E)] The exam-
ples described include a new work on task analysis
and planning of ‘a simulated Solar Maximum Satellite
Repairtask, a force-reftectirlg telecoperationsimulator
for operatortraining [4], [7], a ncw graphical operator
interface design for preview and on-line visualization,
and predictive displays for on-line operation with time
delay [lL, [5]

Graplhical user interface technologies [12] using
graphics-oriented software such as windows, menus,
andicons are also an 1m portant element in an ad-
vanced operator interface design, enabling a moreso-

phisticated flexible operator interface in telerobotic
operations for increased efliciency and safety. Anex-
ample using integrated graphics and graphical user in-
terfaces is described here with the newly developed op-
erator interface design for aremnote surface inspection
system [3], (8] developed at the JPL Telerobotic Sur-
face Inspection Laboratory with potentia applications
in inspecting surface damages (e. g., itnpacts by space
debris or by micro ineteorites) to space platforms such
as the Space Station Freedomn.

2 Graphics Visualization

Graphics displays can significantly aid the opera-
tor in accomnplishing a teleoperation task in al phases
of work - off-line task analysis and planning, opera-
tor training, and on-line operation. In the first phase,
graphics displays provide substantial aid toinvestigate
workeell layout, motion planning with collision detec-
tion, redundancy manager nent, and scnsor planning
for camera viewing. In the sccond phase, graphics
displays cau serve as very useful tools for introduec-
tory training of operators before training themon ac-
tual hardware. In the third phase, graphics displays
earl be used for previewing planned motions and mon-
itoring oll-line operations, or, when communication
time delay prevalls, for providing predictive graphics
overlay onthe actua caincra view of the remote ste
to show the non-tiine-del ayed consequencies of com-
manded motions in real time.

2.1 Task Analysis and Planning Displays

Graphics visualization for task analysis and plan-
ning is applied to the Solar Maximum Satellite Repair
(SMSR) Task [2], since one of the tasks at the JPL
Advanced Telcoperation Laboratory is to perforin the
sitnulated SM SR experiments by using advanced tele-

‘operation capabilities with dual 8-degree-of-freed om

redundant (8-dof) robot arms. The SMSR task was
selected, since. thistask is very richinterms of com-
plex operational requirements and was actually per-
formed by two EVA (extra vehicular activity - SPace
walk) astronautsiuthe Space Shuttle Payload nay
in 1984.1n our off-line task analysis/planning of the
simulated SM SR task, the IGRIP (Interactive Graph-
ics Robot Instruction Program) software package from
Deneb Robotics is used. The package provides anex-
cellent oJ~erator-interactive graphics simulation envi-
ronment with advanced features for CAD-based model




building, workeell layout, collision detection, path des-
ignation, and motion simulation.

~
Figure 1: A graphics display of the simulated Solar
Maximum Satellite Repair (SMSR) sctup.

Figure 2: Workeell layout visualization with a reach
cuvelope graphics overlay to determine the opening
angle of the panel.

The workcell of the simnulated SMSR task shown
in a graphics display of Fig. 1 consists of two 8-dof
AAl robot arins, a partial Solar Maximum satellite
mockup, two “sinart” hands (end effectors), a raised
tile floor, arid a screw driver tool. Other workeell el-
ements include camera gantry frame and other end
effector tools such as a tape cutter. Each device in
the workcell was built by first creating theindividual
parts of the device by using CAD-based object model
building tools, and then putting them together with
appropriate definitions of kinernatic attributes. Af-
ter al the deifiers were built, these deviceswere laid

Figure 3: Graphies Visualization) for redundance man-
agement. Aninadequate setting of the elbow rotation
angles can cause collisions between the two arms.

out in tile workeell.In order todetermine the desir-
able mounting locations of the robots and the satellite
mockup, reach envelopes of the robots were overlaid on
the workcell display for various task conditions, where
each device was alowed to bemoved with a mouse to
satisfy the reach envelope constraints. A reach enve-
lope visu alization of I'ig. 2 shows that the screw driver
can reach al the screws at the right angle to the panel
when the paneliz open115 degrees.

Aninverse kinematic routine developed for the 8-
dof redundant AAl arm [9] was incorporated into each
of the two graphically simulatedrobot arius to allow
cartesian robot control with a irouse, keyboard input,
or a 6-dof hand controller. The inverse kinematic al-
gorithin employed is anapproach of fixing 2 joints and
using only 6 joints at a time. At present joint3 and
5 arc chosen as fixed joints and used as redundancy
control pararmeters, since they arc closely related to
the elbow and wrist rotations iu normal op erating re-
gions of the SMSR task. In Fig. 3, the joint 3 values
of theleft and right aris arc inadequately set, and
the elbows of the two anins are ahout to collide with
cach other. As the right armmoves close to its base,
the two armns collide, and the parts in collision become
highlighted inred. Of course, a graphic visualization
in Fig. | shows that an adequate setting of the etbow
rotation angles can avoid collisions.

Good camcra viewing conditions arc essential for
successful telcoperation. Simulated graphics of cam-
cra views canbe used for sensor planning to deter-
mine desirable camera locations and zoom settings for
cach sub-task. Finally, planned motions can be veri-
fied by cont inuous motion sijpulations. A final verified
planned motion for each sub-task is used later for on-
line preview display.

2.2 Operator Training Displays

Recently we have developed a force-reflecting tele-

operation training shmulator with visual aud kines-



Figurc 4: Force-reflecting tecleaperation training dis-
plays during insertion. Contact forces and torques are
computed and reflected to the force reflecting hand
controller in real _time. They are aso displayed on the
upper left corner of the screen, while the current joint
angles appear 011 the upperright corner.

thetic foree virtual reality [4], [7]. For visual vir-
tual reality, ahigh fidelity real-tirllc graphics display
is used to simulatercmnote camera view’s withthree
optional viewing modes: single view,twosplit views,
and stereoscopic view. For kinesthetic force virtua re-
ality, virtual contact forces andtorquesare computed
during the execution of the simulat,cﬁ peg-in-hole task,
and the operator can actually feel'the virtual contact
forces and tormmes of acompliantly controlled robot
hand througha force-reflecting },41,d4” controller.

At present only @ simulated peg-in-hole task can
be performed with the training simulator (Fig. 4) .
While the operator controls the simulated PUMA
arm through the ¢ dof force -reflecting hand controller,
virtual contact forces and torques arc computed in
real timeand fed back to thehand controller at a
dataupdate rate of shout 15 to 30 Hzthrough ase-
rial 1/0 line. For stercoscopic graphics display [ 7],
Silicon Graphics StercoView is used. The operator
can speeify simulated force reflection gains and stiff-
ness (comphance) values of the robot hand for the
three translational and three rotational axesin Carte-
sian space. Testin gs with the developed peg-in-hole
task simulator/trainer indicate that appropriate coni-
pliance values arc essential to achieve stablelor CC-
reflecting teleoperation in performing the simulated
peg-in-hole task.

2,3 Preview and On-I'ine Visualization
I'review displays enable operators t 0 perccive
graphics simulation of planned motion prior to send-
ing motion €0 mmands to the remnte site for actual
task execution, and on-line YisUali, ation helps oper-
ators t0 observe and monitor actual task execution.
Anoperatorinterface design examnle fornreview and
on-line visualization for usc in the SM SR operatiy gis
showninFig. 5. An operator first selects a task from
the task selection menu (lower right panel). Forthe

Figure 5: Graphical operator interface for preview and

orl-line visualization during the thermalblanket tape
cutting task.

task selected, the recomimer, 4o q joint 3 and 5 values o
well as the actual joint angle values are displayed on
slider bars for redundancy management (upperright
panel). Prior to the actual task execution, the opera-
tor can select an option for preview (upper left panel).
Four options to be availablein the preview mode arc
teleop, auto, record, and playback. In the preview
teleop mode, the operator can rchearse the task by
teleoperation usina graphics sirnulation without send-
ing the motion €©Mpands to theremote site. During
the teleop rehiearsal, the operator’s motion connands
earl also berecorded andreplayed using the record
and,_playback options. If the pre-plannedimotions arc
avail able through off-line task analysis/planning, the
operator can use the preview auto modetopreview
the pre-planned motions.

After the preview, the operator selects anoption
for actual task execution. Three modes to be avail-
able in the task execution mode arc teleop, auto, and
playback. in the teleop execution rnodc, theoperator
uses manual telcoperation for task execution. In the
auto execution mode, the pre-planned motion demon-
strated during the preview auto mode is actually scut
to the remote site for task cxerntion. In the nlayback
execution mode, the recorded Motion commands gaved
during the preview telcop rehearsalis sent to there-
mote site for thetask exccution. For free-space robot
motion, theautomatic execution of thepre-planned
robot motion may be used with efficiency. I the task
requires contacts with the environment. manual tele-
operation may in general be used. The 8uto execution
of tasks involving contacts could be aso possible hy
incorporating the multi-sensor-based control to over-
come ipadvertent errors in M0AC ling and calibrations.
Duringhe actual task execution, on-line yisyalization
can hdp operators to visualize the CUTT€Lt arm config-
uration a any desired angle, allowing monitoring and
verification for safer teleoperation.In our systern, 1 -



line visualization graphics is updated at a 30 1z rate
by using the actual robot joint angles received.

2.4 Predictive Displays

Ground remote control of space robots draws at-
tention recently as an interesting space telerobotics
project. In tills ground remote operation, however,
there is an unavoidable communication time delay. In
order to enhance the human operator’s telemanipu-
lation performance under time delay, we have imple-
mented two new schemes: predictive display {11, [5)
and shared com pliance control [6]. Predictivelisplay
is usefulduring free-space robot notion, while shared
compliance control is useful during contact or inser-
tion.

Figure 6: Calibrated graphics overlay of the wire-
frame model on the actual camera view for predictive
display.

“In apredictive display, the graphics model is over-
laid on the actual video nnage of the arm. The graph-
ics model responds instantancously to the human op-
crater’s hand controller commands, while the actual
video imnage of th e arm responds with a communi”
cation time delay. Thus the operator can sec the
non-tine-delayed motion of the graphics inodel of the
robot arm. While the predictive display was originally
developed earlier by using a stick figure model [10],
advances in graphics technologies enabled us to de-
velop a predictive display with a high-fidelity graphics
model which can be either a solid-shaded or a wire-
frame model with }liddcn-line removal. In order to
superimpose the graphics model on the video image
of the arin, camera calib ration was first performed
by an interactive method. Bothlinear and nonlinear
camera calibration algorithms arc available.In Fig.
6, the wire-fralnc graphics model of the PUM A arm
is superimposed on the actual camera view after the
camera calibration. During the actual telecoperation
under time delay, the actual video imnage of thearm
follows the graphics model with time delay. Prelim-
inary experiments with a single-view simple tapping

task indicate that predictive display enhances the hu-
man operator’s telemaunipulation performance signif-
icantly, although it appears that either two-view or
stereoscopic predictive displays arc necessary for gen -
eral 3-D tasks.

3 Operator Interface for Remote Sur-

face inspection

A telerobotic surface inspection system LB] has been
newly developedat the Jet Propulsion Laboratory to
demonstrate and evaluate its capabilities for potential
applications inspace platforms such as the Space Sta
tion Frecdom. The current JPL telerobotic inspection
systein uscs a 7-dof Robotics Research Corporation
(RRC) armi mounted on a 1-dof mobile platforin. The
armn carries inspection cameras, controlled lights, and
other sensors for inspection andmanipulation. lor
a simulated inspection task mockup, orbital replace-
ment units (ORU’s) arc mounted on a one-third scale
of a truss structure of the Space Station Freedom.

Figure 7: Operator control station housed in a redistic
cupola mockup of the Space Station Freedom

The operator control station is housed in a Space
Station cupola mockup (Fig. 7) to realistically simn-
ulate the equipment and operator space limitations.
The operator interface hardware consists of three high
resolution color videoouitors, a Silicon Graplics
TRIS workstation,and two 3-dof (one translational and
one rotational) handcontrollers that arc mechanically
identical to theones used inthe Space Shuttle Remote
Manipulator System (RMS). The Shuttle-RhlS-type
hand controllers were selected to serve as a“standard”
input device for teleoperated control, so that otherin-
put devices can be later compared with this standard
device in terms of teleoperation performance,

The operator interface software resides inthe Sil-
icon Graphics IRIS workstation, consisting of comn-
munication interfaces to the remote-site manipulator
control andimage inspection systems, graphics dis-
plays, and graphical user interfaces (GUI3B The op-
erator interface soft ware was al written inC using the
X window system, Motif widget set, \\ 'cl widget cre-
ationlibrary, arid GL. graphics library. The X window




Figure 8: Top-level screen layout of the graphical or
crater interface for a reinote surface inspectionsyster.

system [12] is an industry standard software enabling
development of ‘(device-illdc~)cllc~crlt” portable GUI's.
Theiuterfaces arc hierarchically structured by group-
ing similar functions together. Major and counnonly
used functions are presented at the tol)-level, and less
frequently used functions arc hiddenin the lower lev-
els. The top-level screen layout (Fig.8) is composed
of user recoufigurable multiple windows providing top-
level GUI's for robot control, light control andimage
operations, video switch, auto sequencing, display and
control sliders, automated scanning, and automated
inspection.

The overall design goal of the operator interface for
the JPL remote surface inspection system is to pro-
vidc aneflicient sing]c-operator interface with aninte-
rated manipulator control and image inspection ca-
pability. The interface supports three complementary
mspection strategies: teleoperated (imanual-scan) hu-
man visual inspection, human visual inspection with
autom ated scanning, and mach ine-vision-bas cd auto-
mated inspection.

3.1 ‘Teleoperated IHuman Visual Inspec-
tion

in thetelecoperated human visual inspection, the
operator inspects the object surface visually through
video moanitors, while manually scanning the surface
by looking at video monitors and teleoperating the
robot armcarryinginspection cameras and controlled
lights. When a flaw appears, the operator can stop
scanning and capture the video image containing the
flaw onthe clexc-view window (bottomn right corner
in Fig. 8) of the IRIS workstation. The operator can
then further examine the flaw and save the flaw image
of a sinall rectangular region by clicking the flaw with
amouse. The operator can aso mark the flaw location
inthe far-view image on the far-view window (next to

the close-view windowintig.8).

In order to control the robot arimnimanually, the
operator first sets an appropriate mode of telcopera-
tion by using the robot control GUI (Fig. 9a). Con-
trol parameters include: 1) arm power on or off, 2)
real arm drive or siimulation, 3) joint, cartesian world,
or cartesiantool motion, 4) hand controller position
scale, and 5) tool length. Four auto sequence buttons
(home, auto], auto2,andauto3) arc aso provided for
easy execution of frequently used pre-programmed or
automated notions. in the shared control mode, the
operator canperturb or modify the automated motion
by using hand controllers.

The display and control sliders GUI(Fig.9b)
displays boththecurrently measured and operator-
commandedrobot positions. Thisinterface alows the
operator to issue an operator-cor]lrnarlded auto-move
by specifying the robot target position and traverse
time iuterval. The target position is specified by us-
ing either operator- coinmanded robot position sliders
or text widgets inany one of the joint,cartesian world
absolute, cartesianworld relative, and cartesian tool
relativemodes. T'he traverse time interval is specified
either by setting the timeinterval directly or, alter-
natively, hy setting the inotion speed (low, mid, high,
and set).

The light control arid image operations GUI (Iig.
10) allows the operator to control the light intensity
levels through slider control or numerical text entry.
This interface also has auto sequence buttons for im-
age operations. The video switch GUI(Fig. 11) alows
the operator tO connect auy output channel (typically
video monitors) to aiy input channel (typically video
camcr&;ﬁ. The operator selects the outp ut chaunel
first dén then the input channel. Each output chan-

nel pushbutton displays the currently connected input
channel. Typically one monitor is used for surface in-
spection, and the other two for manipulator coutrol.

Figure 9: Sa)}tobot control GUI and (b) display and
control dlitlers GUI

An extended automated sequencing capability has
been developed to support both manipulation and iin-
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Figure 12: Auto sequence GUI (a) in save position
mode, and (b) in auto sequence execution mode.

age inspection commands. Our implementation can be
considered as an extension of the current Shuttle RMS
auto sequence capability [11] which is limited to the
pre-programined robot motion control. Further, our
implementation supports an interactive save-position
mode, in addition to the norma auto sequence execu-
tionmode. In the save-positioll mode (Fig. 12d), the
operator can interactively save the current arin posi-
tion either in teleoperation orin operator-commanded
auto move mode and generate motion commands  that
can be used later in writing auto-squence scripts.
In the auto sequence execution mode (Fig. 12b), the
auto sequence script is displayed in the scrolled list
window, andthe current commandbeing executed is
highlighted. The operator caninterrupt the execu-
tion at any time by clicking the “pause” button, and
later resumne it by clicking the “run” button. The op-
crator can also abort the remaining execution com-
pletely by clicking the “short” buttonu. The robot
motion auto sequence commands include rbt.move,
rbt_pause, rbt_speed, and rbt-tool-length. Theimage
inspection auto sequence commands include image op-
erations (e.g., ing-freeze, iing-display, iing_subtract),
light control, and video switch cornmnands (camera
controlcornmands will also beavailable).

The on-line graphics display showing the current
r- ot armn configuration a any desired viewing angle
is also provided as an effective visualization aid to the
operator as described earlier inSection 2.3.

3.2 Human Visual Inspection with Auto-
mated Scanning

The automated scanning capability hias been intro-
duced to the remote surface inspection system to re-
duce the operator’s manipulation workload andthus
alow the operator to concentrate oninspectionduring
thehuman visua inspection. Although a simple auto-
scan function is in fact avail able in inany comnercial
camera pau-tilt units for surveillance, our implemen-
tation provides more sophisticated flexible antomated
scanning capabilities based on theautomated scanning
GUlsupporting operator-intcrac~ivc sensor planning,
scan path preview, and on-line graphical visualization
during the actua auto scanning.

The automated scanning proceduresis conveniently
divided into two phases: the sensor planning and exe-
cution phases (Fig. 13). Inthe sensor planning phase,
the operator can register the object image and gen-
erate a scan pathinteractively. Currently tile object
surface to beinspected isassumed to beapproximately
a2-1 rectangular surface, athough it canbeextended
to other surfaces such as irregular 2-1) shapes or cylin -
drically curved surfaces. In order to register the ob-
Jectimage and generate a scan path for a rectangular
surface, the operator moves the inspection camera by
teleoperation to each corner of the rectangular surface
so that the video image of the corner point appears
at the center of the video mounitor screen (a cross hair
mark at the center of the monitor screen can be help-
ful), while keeping theinspectioncamera a a desired
distance from the surface. Each corner point isreg-
istered by reading the cainera position and marking
the corresponding corner image point in the far-view
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Figure 13: Schematic of the automated scanning pro
cedures

window. If a far-view object image for flaw marking
isnot aVallahle, the far-view window simply displays
a wire-fralne rectangle.

After the registration, a scan path is generated so
that the inspection will take place to cover the entire
rectangular surface for a given camera view size. Two
default scan paths arc available: the horizontal path
whichscansthe surface horizontally starting from the
ten row tn the hattom and the vertical path which
scans the surface vertically from the |eft column to the
right. Along the scan path, via points which dcfines
the robot motion trajectory and vista points where au-
tomated inspection takes Place are defined. The vista
points arc placed so that the automated inspection will
cover the entire surface. All vista points arc defined
as via poiuts, but additional via points are inserted
to ensure smooth and accurate scanning. For effective
visualization}, the scan path graphics is directly over-
laid on t]lcfar-view disitized object HNA&E (Fig. 14).
A rectangular box indieating ho current position and
the view port of the inspection camera is also gverlaid
to provide effective visualization to theoperator.

The operator can preview and modify the gener-
atedscan path. interactively try inserting, dcleting, or
relocating Vistaand via points as needed. An example
of a default horizontal scan path is shown in Fig. 14.
I'he scan-1)ath editing capability enables the operator
to interactively generate 3 gean path for irregular 2-D
shapes other than the rectangular shape. Oncethe
image registration and the scan path generation arc
completed, the relevant iimage registration and scan
path data arc saved so that these procedures can be
skipped for the subsequent inspections.

When the operator jy, itiates scanning in the auto-
scan execution phase (Fig. 13), the arm first moves to
the nearest via point from the current arm position,

Figure 14: Automated scanning GUIwith graphics
overlay of a scan path and the rectang ylar box indi-
cating the current carnera view positionand size.

and then follows the scan path in the specified direc-
tion which can be either forward or backward. The
operator can also request the arm to go to a desig-
nated via point directly.

3.3 Machine-Vision-1] ased

Inspection

The operator’s workload andinspectiontime canbe
significantly reduced by providing the operator with
an automated inspection capability. By relying onthe
automated inspection, the operator does not have to
inspect theentire surface, but examines afew portions
of the inspection surface only when the autoinated in-
spection notifies the operator of a potential flaw. The
operator ultimately decides whether there is a flaw
on the surface. TheJPLremote surface inspection
system uses the machine- vision- based image differenc-
ing technique incorporated with automated scanning
for automated inspection. By selecting the “reference
scan” button,the operator requests the inspection sys-
temn to scan the object surface alongthe prc-defined
scan pathand collect a reference or “before” image for
cach vista point. ‘1'hen, after a period of time, the op-
crator selects the “comparison scan” button, request-
ing theinspectionsystem to rc-scan the surface along
the scan path identical to the one ysed in the reference
scan. During the comparison scab, the comparison or
“after” itnage is comnpared with the reference or “be-
fore” nmnage for each vista point. To eliminate the
varying ambientlight effect, both the reference and
comparisonliages arc actually obtainedby subtrac
ing the iinage takenwiththe controlled light from the
image with no controlledlight [3].

When a large discrepancy i€ ctected betweenthe
compensated reference and comparison iinages, the in-
spection systern interrupts the automated scanning
and notifies the operator of a potential flaw occur-
rence for further examination.First the systemn shows
the operator thethresholded binary blob image ob-

Automated



Figure 15: Automated inspection notifies the operator
of a potentjal flaw occurrence with the thresholded
hinary immage after iiage differencing. The actual flaw
is the missing screw (see the graphics overlay of the
flaw boundary inthe close-view window of Iig. 8).

tained after theimage differencing in the close-view’
window (Fig. 15). \Vhell the op crator nits the re-
turn key after viewing the image differencing result,
the systemn shows the compensated comparison or “af-
ter” image onwhichthe flaw outline graphics is over-
laid (see close-view window of Fig. 8). This helps
the operator to locate the flaw more quickly. The op-
cratornowexaminesthe flaw carefully by observing
various availablereference and comparisonimages Of
that flaw including those from previous scans by using
an on-line flaw manipulation interface [8). After the
careful examination,the operator can either confirm
the flaw occurrence and log the flaw in a data base,
or ignore it if it is a false alarm. The operator can
resumne the automated inspection after taking care of
the flaw notification.

4 Conclusion

We described new developments and applications
of graphical operator interfaces for telerobotics by ein-
plovi | graphics displays and graphical user interfaces
for cased efliciency and safety. We described how
graj .. s displays were employed to achieve more efti -
cient and reliable telerobotic operations in all three
phases of ofl-line task analysis/planning, perator
training, arid on-line operations We also '« «scribed
how integrated graphics and graphical user interfaces
were cffectively used inthe new development of an
cflicient easy-to usc graphicaloperator interface for a
remote surface inspection system.  Future plans in-
clude conducting experiments to evaluate the newly
developed operator interface designs and quantify per-
formance enhanceients.
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